Abstract: Anthocyanins, which are responsible for most of the red, blue and purple colors of fruits and flowers, are very efficient at absorbing and dissipating light energy via excited state proton transfer or chargetransfer mediated internal conversion without appreciable excited triplet state formation. During the maturation of red wines, grape anthocyanins are slowly transformed into pyranoanthocyanins, which have a much more chemically stable pyranoflavylium cation chromophore. Development of straightforward synthetic routes to mono-and disubstituted derivatives of the pyranoflavylium cation chromophore has stimulated theoretical and experimental studies that highlight the interesting absorption and emission properties and redox properties of pyranoflavylium cations. Thus, p-methoxyphenyl substitution enhances the fluorescence quantum yield, while a p-dimethylaminophenyl substituent results in fast decay via a twisted intramolecular charge-transfer (TICT) state. Unlike anthocyanins and their synthetic analogs (flavylium cations), a variety of pyranoflavylium cations form readily detectable excited triplet states that sensitize singlet oxygen formation in solution and exhibit appreciable two-photon absorption cross sections for near-infrared light, suggesting a potential for applications in photodynamic therapy. These excited triplet states have microsecond lifetimes in solution and excited state reduction potentials of at least 1.3 V vs. SCE, features that are clearly desirable in a triplet photoredox catalyst.
Introduction
Understanding the relationship between the chemical structure of natural plant pigments and their chemical and photochemical properties is fundamental for the development of novel analogs tailored to specific applications. Among natural pigments, the anthocyanins are particularly appealing from the point of view of their widespread distribution, range of colors and variety of biological functions that they perform in fruits, flowers, vegetables and leaves [1] [2] [3] [4] [5] [6] [7] [8] . As pigments, anthocyanins are responsible for most of the red, blue and purple colors of fruits and flowers, as well as some red or purple vegetables and plant leaves, including the red colors of senescent autumn leaves [4, [7] [8] .
Systematic experimental investigations of both naturally-occurring anthocyanins and synthetic flavylium cations have clarified the principal aspects of the photophysics of anthocyanins [6, [9] [10] [11] [12] [13] . In the excited singlet state, anthocyanins and 7-hydroxyflavylium cations are strong photoacids (pK a * < 0). Adiabatic excited state proton transfer (ESPT) from the excited cation (HA + * 1 ) to water occurs in ca. 5-20 ps to give the excited conjugate base (A* 1 ), which typically decays cleanly back to the ground state in about 200 ps. The fluorescence lifetime of the 7-hydroxy-4-methylflavylium cation (HMF) in water (5 ps) is a 1000-fold shorter than that of the 7-methoxy-4-methylflavylium cation (MMF) (5 ns), implying that 99.9 % of the decay of excited HMF* 1 occurs via this route. Anthocyanins and flavylium cations also form bimolecular copigmentation complexes with colorless electron-rich organic molecules (copigments) such as hydroxybenzoic or hydroxycinnamic acids or their esters [14] [15] [16] [17] . The charge-transfer character of copigmentation provides partial stabilization of the cationic form against hydration in the ground state. Some natural anthocyanins have copigment chromophores covalently attached to their sugar residues and exhibit intramolecular copigmentation [17] [18] [19] [20] [21] . Copigmentation complexes are non-fluorescent, pointing to sub-ps singlet excited state lifetimes (240 fs in the one case for which quantitative data are available [15] ) and hence to a non-radiative decay route (presumably chargetransfer mediated internal conversion) that is much more efficient than ESPT in uncomplexed anthocyanins. A further intriguing aspect of anthocyanin and synthetic flavylium cation photophysics is the lack of clear experimental evidence for the formation of excited triplet states in aqueous or dry acetonitrile solution, even for some simple flavylium cations that exhibit weak phosphorescence in an isopropanol glass at 77 K [22] .
For application as coloring agents, efficient ultrafast energy dissipation pathways that rapidly deactivate the pigment back to its ground state following absorption of light are particularly desirable since they can contribute to good photostability and minimize fluorescence and intersystem crossing to the excited triplet state. However, if a natural plant pigment chromophores is to serve as inspiration for the design of molecules with much longer-lived excited states that might be useful as redox photocatalysts or fluorescent probes, highly efficient non-radiative excited state deactivation pathways like those of anthocyanins are clearly not desirable.
In the search for simple structural transformations of flavylium cations with the potential to eliminate these ultrafast energy dissipation pathways, our attention turned to the pyranoanthocyanins of red wines. A variety of structurally quite complex compounds containing the pyranoanthocyanin chromophore are spontaneously formed during the maturation of red wines as the result of reactions of grape anthocyanins (predominantly malvidin-3-O-glucoside, Scheme 1) with copigments and/or yeast metabolites present in the wine [23] [24] [25] [26] [27] [28] [29] . Although isolation and purification of pyranoanthocyanins from red wines would be relatively difficult, synthetic pyranoflavylium cations containing the same basic chromophore as pyranoanthocyanins can now be readily prepared with a range of substituents [30] [31] [32] [33] [34] [35] [36] . These pyranoanthocyanin analogs are chemically much more stable than flavylium cations and, in contrast to flavylium cations, many of these pyranoflavylium cations form excited triplet states in solution and sensitize singlet oxygen formation without being degraded [22] . The present work compares the photophysical properties of four monosubstituted pyranoflavylium cations [30, 36] (compounds 1-4, Scheme 2) with those of two disubstituted pyranoflavylium cations [30] (compounds 5 and 6, Scheme 2) in the context of their potential for practical applications. 
Experimental section Materials
Trifluoroacetic acid (TFA, Sigma-Aldrich, 99 %), methanol (Merck p.a.), isopropanol (Merck p.a.) and potassium hydroxide (Sigma-Aldrich, p.a.) were used as received. Acetonitrile (Merck p.a.) was dried by distillation from calcium hydride and methanol (Merck p.a.) by distillation from magnesium turnings. The preparation and purification of the pyranoflavylium chloride salts 1-4 was described previously [36] .
5,7-Dihydroxy-4′-methoxy-4-methylflavylium chloride (7) was prepared in 78 % isolated yield as a red-brick solid by the HCl-catalyzed condensation of 1-(4-methoxyphenyl)butane-1,3-dione [37] The two disubstituted pyranoflavylium chlorides 5 and 6 [30] were prepared by the reaction of 7 with either 4-dimethylaminobenzaldehyde (Merck) or 4-methoxybenzaldehyde (Sigma-Aldrich), respectively, in acetonitrile acidified with TFA [36] . [4,3,2-de] ).
5-[4-(dimethylamino)phenyl]-8-hydroxy-2-(4-methoxyphenyl)pyrano

Methods
Absorbance spectra were measured with Varian Cary 50 UV-vis Bio or Cary 100 spectrophotometers, a Hewlett Packard 8452A diode array spectrometer or a Shimadzu UV-1800 Spectrometer at room temperature (ca. 22 °C) in 1.00 cm path length cuvettes. Ground state pK a s were determined in aqueous solution as described [38] from the absorption spectral changes as a function of solution pH. The buffer solutions employed were HCl for pH ≤ 3, 0.010 mol dm −3 sodium acetate buffer for the pH range 3-6 and 0.010 mol dm −3 sodium phosphate for the pH range 6-8.5. Steady-state fluorescence spectra were determined with a Hitachi F-4500 fluorescence spectrometer. Fluorescence spectra, quantum yields and lifetimes were determined as described previously [22, 38, 39] for solutions of the pyranoflavylium cations 4 and 5 in dry acetonitrile, methanol or isopropanol with 0.10 mol dm −3 TFA (in order to suppress ESPT) contained in 1.00 cm path length fluorescence cuvettes at room temperature. Fluorescence quantum yields at room temperature were determined using quinine sulfate (Sigma) in 0.10 mol dm −3 sulfuric acid (Vetec) as standard (Φ f = 0.55). Phosphorescence spectra and lifetimes were determined as before [22] at 77 K in an isopropanol glass containing 0.10 mol dm −3 TFA employing a Hitachi F-4500 fluorescence spectrometer equipped with phosphorescence accessory. The two-photon absorption (2PA) cross-sections of compounds 2-4 were measured from the two-photon excited fluorescence response as described previously [40] . The quadratic dependence of the fluorescence emission intensity on the excitation power was checked for all compounds. The 2PA cross-sections were determined in dry acetonitrile containing 1 % TFA employing fluorescein in water, pH 11, as secondary standard (excitation at 780 nm, σ 2 = 26 GM [41] ). The two-photon absorption cross-sections were calculated from Eq. (1), with relative errors of the cross-section values of at most 20 %:
where σ 2 is the 2PA cross-section, F 2 is the 2PA fluorescence intensity, φ Fl is the one-photon absorption (1PA) fluorescence quantum yield, n D is the refractive index of the solvent, and c is the concentration; the superscript r refers to the standard [40] . One-electron reduction potentials (E 1/2 ) were measured by cyclic voltammetry with a Reference 600™ Potentiostat/Galvanostat/ZRA (Gamry Instruments, PA, USA), connected to a three-electrode cell as described elsewhere [42] . The E 1/2 values of sonicated solutions of the pyranoflavylium salts in argon-purged dry acetonitrile were determined with three different concentrations (0.025, 0.100 and 0.200 mol dm ) of tetrabutylammonium hexafluorophosphate (Bu 4 NPF 6 ) as supporting electrolyte and extrapolated to zero Bu 4 NPF 6 to obtain the reduction potentials in the absence of supporting electrolyte.
Computational methodology
The computational methodology employed to determine the energies of the excited states has been previously described in detail [21, 43] . Briefly, ground state geometry optimization was performed with density functional theory (DFT) using the B3-LYP functional [44] and the Møller-Plesset perturbation theory to second order (MP2) [45] combined with the resolution of identity (RI) [46] , respectively. For the B3-LYP functional the Grimme dispersion correction D3 [47] was included. At the MP2 optimized geometry of all structures, vertical excitation energies were computed using the second order algebraic diagrammatic construction [ADC(2)] method [48] . The adiabatic energy for the first excited state (S 1 ) was also obtained with the same approach. The def2-TZVP basis set [49, 50] was used in all calculations. Solvation effects of acetonitrile (static dielectric constant 35.85 and refractive index 1.3404) on both the geometry and the vertical excitation energies were taken into account by means of the Conductor-like Screening Model (COSMO) [51] . COSMO ground state geometry optimizations were performed at the B3-LYP level and, in COSMO calculations for the excited state, the ADC(2) method was used. Theoretical absorption spectra were constructed from the calculated vertical excitation energies and the relative oscillator strengths of each transition using Gaussians with a half-width of 0.3 eV, as described previously [21, 43] .
Results and discussion
Experimental and theoretical studies of a series of monosubstituted pyranoflavylium cations, including compounds 1-4, identified three distinct types of photophysical behavior of the lowest excited singlet state [38, 39, 43] : (a) the non-fluorescent p-dimethylaminophenyl derivative 1, which has a lowest twisted intramolecular charge transfer (TICT) excited state; (b) the p-methoxyphenyl (2) and 3,4,5-trimethoxyphenyl derivatives with a lowest excited state with charge transfer character (but not a TICT state); and (c) compounds with a lowest localized excited state with little or no charge transfer character, including the phenyl (3) and p-cyanophenyl (4) derivatives. The substantial fluorescence quantum yield (0.43 [22] ) of the p-methoxyphenyl derivative 2, together with quantum chemical calculations of the excited state energies (Table 1) , led us to turn our attention to the di(p-methoxyphenyl) substituted analog 5. In contrast to 2, for which analogous calculations predicted a lowest excited singlet state (S 1 ) of charge transfer character (but not a TICT state) in the gas phase, for 5 only the higher excited states are predicted to have substantial charge transfer character (Table 1, Fig. 1) , presumably reflecting the electron-donating effect of the second methoxy substituent on the charge transfer interaction. Thus, 5 was an attractive candidate for a pyranoflavylium with an S 1 state with somewhat less charge transfer character, but with the potential to exhibit a high fluorescence quantum yield. Although quantum chemical calculations of the excited state energies (Table 1) of the disubstituted pyranoflavylium cation 6, with p-dimethylamino and p-methoxy substituents, pointed to a lowest TICT state reminiscent of that of 1, this compound was of interest to gauge the extent to which the methoxy substituent also modulated its photophysics relative to those of the monosubstituted analog 1.
Both 5 and 6 were readily obtained via the reaction of the methoxy-substituted flavylium cation 7 (Scheme 2) with the appropriate para-substituted benzaldehyde employing previously published general procedures [36] . In aqueous solution, the only chemical change observed above pH 2 was dissociation of the hydroxyl group to form the conjugate base, with pK a values of 3.3 ± 0.1 and 3.5 ± 0.1 for 5 and 6, respectively. Figure 1 compares the experimental absorption spectra of 5 and 6 in acetonitrile acidified with 0.01 mol dm −3 TFA with the spectra calculated by the ADC (2) method taking into account solvent effects with COSMO. The good agreement between calculated and experimental spectra further confirms the utility of this methodology [21, 43] for a priori prediction of the energies and nature of the lowest excited singlet states of flavylium and pyranoflavylium cations. Table 2 collects the absorption and emission properties of the four monosubstituted pyranoflavylium cations 1-4 [22, 36] , together with those of the two disubstituted pyranoflavylium cations 5 and 6 determined in the present investigation. The additional methoxy substituent of 5 results in an increase in the fluorescence quantum yield relative to 2, with only a small decrease in the energy of S 1 and essentially no difference Table 1 : Vertical excitation energies ΔE (in eV and nm), oscillator strengths, f, and charge transfer character, q(CT) (in units of e), calculated by ADC(2)/def2-TZVP in the gas phase and acetonitrile. The states with predominant charge transfer character [i.e. q(CT) > 0.5] are indicated in bold type. Also indicated are the changes in the twist angles (ΔTwist angle, in degrees) of the p-methoxyphenyl (5) or p-dimethylamino (6) groups relative to the pyranoflavylium chromophore between the optimized ground and excited states in the gas phase and the estimated transition energies and wavelengths of fluorescence and phosphorescence, S 1 (fluor) and T 1 (phosph), respectively. in the energy of T 1 . In contrast to 1, which is effectively non-emissive, 6 exhibits weak fluorescence in acidic acetonitrile, methanol and isopropanol and weak phosphorescence at 77 K in an isopropanol glass. Figure 2 shows the concordance between the fluorescence spectra of 2-4 determined with conventional one-photon excitation and those measured employing excitation by two-photon absorption. The two-photon absorption cross-sections (σ 2 ) at the indicated wavelengths are given in Table 3 , together with other ground and excited state properties relevant to applications of pyranoflavylium cation chromophores in general.
Compound
These data in Table 3 point to two potential areas in which pyranoflavylium cation chromophores should find interesting practical applications. The excited state reduction potentials (E red *) of S 1 and T 1 of compounds 2-4 were calculated in the usual manner [52] as the sum of the excited state energies (E* = E S or E T , Table 2 ) and the one-electron ground state reduction potentials (E red , Table 3 ):
The resultant values (Table 3 ) are similar to those of known photooxidants like benzophenone, thioxanthone or perylene diimide and higher than those of common xanthene dyes [52] . Pyranoflavylium cations are also moderately soluble in a variety of polar organic solvents, including acetonitrile, dimethylsulfoxide, and alcohols like methanol and isopropanol. Although the fluorescence lifetimes of pyranoflavylium cations are probably too short to be useful for excited singlet-state-mediated photocatalysis (except perhaps as photosensitizers in solar cells [53] ), pyranoflavylium cations absorb out to much longer wavelengths than either benzophenone or thioxanthone and their triplet lifetimes are microseconds in N 2 purged acetonitrile (Table 3 ). These are features that are clearly desirable in a triplet photoredox catalyst [52] . Although the relatively low ground state pK a s and the photoacid character of S 1 might be problematic, reducing the yield of triplet formation in polar protic solvents, replacing the OH group by a methoxy group would avoid these prototropic interferences, a possibility that is currently under investigation in our laboratories. The second area of potential application of pyranoflavylium chromophores is as sensitizers in photodynamic therapy (PDT). In this case, the relatively low ground state pK a may in fact be a favorable feature. Thus, at near-neutral pH where incubation with cells or tissues would be likely to occur, compounds 2-4 are completely deprotonated. Since the resultant conjugate base form is non-ionic, this circumvents electrostatic barriers to passive transport through membranes, leading to accumulation in more acidic regions of the cell such as lysosomes [54] upon reprotonation to the cationic pyranoflavylium form. Sensitized singlet oxygen production or photoredox processes upon irradiation with blue light should then provoke cell death [55] . Other positive aspects are the fluorescence of the pyranoflavylium cations, permitting mapping of the sites of intracellular accumulation, and the appreciable two-photon absorption cross sections ( Table 3) Values of the pK a in aqueous solution, the one-electron reduction potentials in acetonitrile in the ground (E red ) and lowest excited singlet (E red * 1 ) and triplet (E red * 3 ) states, the limiting yields of triplet-sensitized singlet-oxygen production (Φ Δ ), the triplet lifetimes (τ T ) in air-saturated and nitrogen-purged and the cross-sections for two-photon absorption (σ 2 ) at the indicated wavelengths for compounds 2-4. Ref. [22] . e This work, ±20 %.
